Results from a low Reynolds number wind tunnel experiment on a NACA 0015 airfoil with a 30% chord trailing edge flap tested at deflection angles of 0 • , 20 • , and 40 • are presented and discussed. Zero net mass flux periodic excitation was applied at the flap shoulder to control flow separation for flap deflections larger than 0 • . The primary objective of the experiment was to compare force and moment data obtained from integrating surface pressures to data obtained from a 5-component strain-gage balance in preparation for additional three-dimensional testing of the model. To achieve this objective, active flow control is applied at an angle of attack of 6 • where published results indicate that oscillatory momentum coefficients exceeding 1% are required to delay separation. Periodic excitation with an oscillatory momentum coefficient of 1.5% and a reduced frequency of 0.71 caused a significant delay of separation on the airfoil with a flap deflection of 20 • . Higher momentum coefficients at the same reduced frequency were required to achieve a similar level of flow attachment on the airfoil with a flap deflection of 40 • . There was a favorable comparison between the balance and integrated pressure force and moment results.
Nomenclature c
airfoil chord (δ f = 0 • ), m C µ excitation momentum coefficient, ≡ < J > /cq C dp pressure drag coefficient 
I. Introduction
Active separation control is considered one of the enabling technologies for the next generation of hybrid wing body vehicles. For this reason, the National Aeronautics and Space Administration's Subsonic Fixed Wing Project funds both internal and external research in this area. This research is fundamental, long-term research focused on obtaining a better understanding of the physics governing active separation control. Our internal research is focused on examining the effects of the excitation frequency and amplitude of periodic excitation on two-dimensional (2D) and three-dimensional (3D) flowfields. This will be accomplished through a series of wind tunnel experiments on a model with a NACA 0015 cross-section.
One motivation for the use of periodic excitation as a method of controlling separation is the reduction in momentum required to control separation when compared to steady momentum transfer methods. Seifert et al. 1 reported a one to two order of magnitude reduction in momentum requirements at low Reynolds numbers when using periodic excitation as compared to steady blowing at the leading edge of a NACA 0015 airfoil. Later, Seifert and Pack 2 reported similar reductions in momentum requirements on a NACA 0015 at flight Reynolds numbers. Periodic excitation is effective for controlling separation when introduced just upstream of the separation location. The vortical structures introduced by the 2D excitation are used to enhance the mixing between the high momentum fluid of the separated shear layer and the low momentum fluid in the separated region. Introduction of the excitation at frequencies that correspond to the natural instabilities in the separating shear layer is the reason for the efficiency of periodic excitation when compared to steady methods of separation control. Periodic excitation applied near the leading edge of an airfoil delays stall and increases the maximum lift (C L,max ) generated by the airfoil. Periodic excitation applied at the flap shoulder delays or prevents separation on the deflected flap of the airfoil, resulting in improved flap efficiency. Additional information on the technology can be found in the review papers of Greenblatt and Wygnanski 3 and Seifert et al. 4 .
The efficiency of periodic excitation as well as the perceived ease of implementation when compared to steady blowing or suction are reasons for continued research to understand the effects of model geometry ( i.e., flap deflection angle, slot location, and surface curvature) and excitation frequency and amplitude.
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Efficiency is also important when controlling separation on an airfoil or wing with multiple slot locations. In reference 5, the authors report a sensitivity to phase when combining excitations from two closely spaced sources around the flap shoulder of a supercritical airfoil. The lift increment of the airfoil was maximized when the relative phase between the excitations was ±30 • . The single frequency selected to combine the two excitations corresponded to the frequency that was most effective for separation control when each actuator was operated individually. The optimal phase angle for combining excitations from two closely spaced actuators was validated at a higher Reynolds number on a larger version of the airfoil. 6 Recently, Greenblatt 7 combined leading edge and flap shoulder excitations on a semi-span model with a NACA 0015 cross-section and demonstrated that the maximum lift increment occurred when the relative phase between the two excitations was approximately 210 o . The two excitations were combined using the frequency that was most effective for leading edge separation control. Particle Image Velocimetry (PIV) data revealed that at a phase angle of 210 o , the oscillating shear layer was closer to the surface during the suction portion of the cycle of the flap shoulder excitation. 7 Based on the two models studied, the optimal phase angle for combining two excitations is dependent upon the distance between the excitation slots, the excitation frequency, and the freestream velocity.
The semi-span model, with a NACA 0015 cross-section, designed and tested by Greenblatt 7 was used for the current investigation. While most of the research planned for this model will focus on the 3D configuration, the 2D experiments presented in this paper were performed to incorporate a balance into the system. The 2D experiment also provided the opportunity to gather additional data that will be useful in selecting and locating additional trailing edge flap actuators and to study the transients of flow separation and attachment in preparation for planned closed-loop control research. The results of Greenblatt and Washburn 8 suggest that there is a need for additional and/or different actuators for improved control authority on the threedimensional model configuration. The balance measurements will provide an independent measurement of the forces and moments for comparison to the surface pressure interpolation method described in reference 9 and used on the 3D configuration. In this paper we focus on controlling separation on the deflected flap of the airfoil at an angle of attack, α, greater than 0 degrees where the momentum requirements for controlling separation are considered relatively high compared to those required at lower angles of attack. Force and moment data and Particle Image Velocimetery (PIV) data will be presented to illustrate the effects that frequency and amplitude have on separation control.
II. Experiment Description

A. Wind Tunnel Description
The experiments were conducted in the NASA Langley Research Center (LaRC) 2 Foot x 3 Foot Low Speed Wind Tunnel. The 10:1 contraction ratio closed-circuit tunnel has a test section that is 0.61 m high x 0.91 m wide by 6.1 m long. The tunnel turbulence intensities are approximately 0.1% between 0.1 < f < 400 Hz. Additional information about the wind tunnel can be found in reference 10. The maximum velocity of the tunnel is approximately 45 m/s. The data that will be presented were acquired at a chord Reynolds number of 0.25 x 10 6 , corresponding to a tunnel velocity of approximately 13 m/s.
B. Model Description
The model tested is a 0.3048 m chord (c), 0.6096 m span (s) airfoil that Greenblatt 7 tested in a 3D configuration in the 0. The model is oriented vertically in the tunnel for this 2D test as shown in figures 1(a) and 1(b). In preparation for additional testing of the 3D configuration of the model, the model was mounted to a 5-component external strain gage balance. The General Aviation Circulation Control (GACC) balance, with characteristics shown in Table 1 , was designed for a vertically mounted model. 11 To prevent fouling, there is a 2.5 mm gap between the model and the ceiling of the tunnel. The balance chosen for the 2D tests limited the maximum Reynolds number of the experiment. The balance that will be used for follow-on 3D testing has higher load and pitching moment limits so the Reynolds number range of the tests will not be limited by the balance. 
C. AFC Actuators
Excitation is provided by two externally mounted electromagnetic actuators. The actuators are connected to the model's leading edge and flap shoulder slots by manifolds that attach to the turntable of the model. Bench-top calibrations using a hot-wire were performed prior to the wind tunnel test to determine the velocity fluctuations produced by each actuator. A sine wave with a frequency in the range of 50 Hz to 400 Hz is used to drive the actuators. Dynamic pressure transducers located in the leading and trailing edge slot cavities are used to correlate the velocity perturbations produced during bench-top testing to those produced during wind tunnel testing. The actuators are capable of producing peak velocities in excess of 50 m/s. External actuation introduced from one side of the model resulted in a reduction in the spanwise uniformity of the excitation. The excitation was strongest near the model endplate and the non-uniformity was more pronounced as the excitation frequency increased. Although the actuators and manifolds used for this experiment differ from those used by Greenblatt and Washburn, 8 the trends they observed in terms of spanwise uniformity as a function of frequency are similar to the ones observed during this investigation. The oscillatory momentum coefficient (C µ ) values that will be presented are based on the actuator calibrations performed at y/s=0.5.
D. Particle Image Velocimetry
A commercially available high speed Particle Image Velocimetry (PIV) system was used during the test. The system consists of a high speed laser and a 1280 x 1024 camera with an internal intensifier. The maximum frame rate of the camera is approximately 1 kHz in single exposure mode and approximately 500 Hz in double exposure mode. The internal memory of the camera limits an acquisition to a little more than 1600 image pairs. A 105 mm macro lens was used with the camera, and the field of view was 135 mm x 107 mm for the δ f = 40 • data and 98 mm x 78 mm for the δ f = 20 • data. For most of the data presented, a 32 pixel x 32 pixel (3.38 mm x 3.34 mm for δ f = 40 • and 2.45 mm x 2.44 mm for δ f = 20 • ) interrogation window is used with a maximum overlap in the horizontal and vertical direction of 50%. The PIV region for δ f = 40 • is shown in figure 1(c) . The δ f = 40 • PIV data were acquired before the δ f = 20 • PIV data and the field of view was reduced after completing the measurements of the first configurations to improve the signal to noise ratio near the flap shoulder. To avoid possible damage to the camera CCD, the laser was aligned so that the light sheet was almost parallel to the flap of the model. This arrangement provides user control over the intensity of the laser light sheet that is permitted to impinge the model, and therefore provides control over the intensity of the light exposed to the camera sensor. The camera was located above the test section and was rotated to be at the same angle as the flap of the model to increase the amount of the flowfield above the flap surface included in each image. All of the PIV data were acquired at y/s=0.52 slightly above the centerline row of streamwise pressure taps as shown in figure 1 (b). The flowfield was seeded with olive oil using a single-jet atomizer that generated particles approximately a micron in size. The baseline data presented were acquired at rates near 500 Hz and 1600 image pairs were used to compute the mean values presented. The data acquired when F + = 0.71 were acquired phase locked to the excitation, i.e. 100 Hz sample rate, and 300 (δ f = 40 o ) or 400 (δ f = 20 o ) image pairs were averaged to compute the mean value at each phase of the excitation cycle. The data presented when using the F + = 0.36 excitation were acquired at a sample rate of 400 Hz and each phase of the excitation is an average of 200 image pairs. The data presented when using burst modulation is an average of 200 image pairs that were sampled at a rate eight times the modulation frequency. A cross-correlation algorithm was used to process the PIV data. Additional analysis of the PIV results is required before quantitative information can be obtained from the data.
E. Wake Rake
A wake rake located 4.5 chord lengths downstream of the midchord of the model was used to survey the wake. Most of the wake surveys were performed using a rake at a fixed spanwise location, y/s=0.5, that has 31 total probes with a probe spacing of 17.78 mm. Two pressure orifices on opposite tunnel walls, aligned with the wake rake total probes, were averaged to determine wake static pressure. This type of wake rake enabled the wake to be surveyed with only a few moves of the wake rake. However, the total drag values computed from data using this wake rake were lower than the total drag from balance data and the pressure drag computed from surface static pressures. Based on the recommendations in reference 12 and results from a recent experiment 13 in the facility, a second wake rake was used during the experiment. This wake rake with six total probes spaced 25.4 mm apart in the spanwise direction, y, enabled the spanwise variations in total drag to be measured and enabled the static pressure in the wake to be measured. The time required to acquire a wake survey increased because the wake rake had to be moved across the entire wake of the model. A limited amount of data will be presented from this wake rake.
F. Experimental Uncertainty
The method described in reference 14 is used to compute uncertainties of the data. The chord Reynolds number, Re c is accurate to within 3%. The oscillatory momentum coefficient, C µ , is accurate to within 25% (partly due to slot width uncertainties and partly due to the calibration uncertainties). The dynamic pressure is accurate to within ±0.65 Pa.
III. Discussion
A. Baseline Flow Field
Prior to the application of active flow control from either excitation slot, the baseline flow field was examined.
Since a primary objective of the test is to compare balance force and moment data with integrated values from surface pressures, data are presented comparing the two methods. Figure 2 Pressure drag computed by integrating surface pressures and total drag measured by the balance are compared in Fig. 2(b) . The total drag measured by the balance is higher than C dp because of the skin friction drag that is also measured by the balance. There is fairly good agreement between the pressure drag for the three spanwise locations provided in figure 2(b). Prior to airfoil stall, the largest differences in C dp values occurs between α = 6 • and α = 13 • . Post stall trends are similar to the lift data of figure 2(a). The comparisons of drag performed at flap deflections of 20 o and 40 o (not shown) are similar to the comparison at δ f = 0 • . Wake surveys were also performed to determine total drag. The data of figure 2(c) illustrates that using the wake rake at a fixed y/s location with static pressure measured on the tunnel sidewall resulted in drag measurements for angles of attack above 6 • that were not comparable to the total drag measured by the balance. The wake rake (wake rake 2 in figure 2(c)) that enabled static pressures to be measured within the wake did a better job of measuring total drag. The spanwise variation of C D was also obtained using this wake rake and illustrated that for the Reynolds numbers of this test, wake surveys at more than one y location improved the accuracy of the drag measurements using the wake survey method. The C D values, obtained using wake rake 2, shown in figure 2(c) were computed from data acquired with the wake rake fixed at a single y/s location. Note, wake rake 2 has six total probes with a 25.4 mm spacing in y. The data presented is the average total drag in the interval 0.42 < y/s < 0.63. The lift increments obtained when applying F + = 0.71 control with α = 6 • and Re c = 0.25x10 6 are shown in figure 4 for the two flap deflection angles. Integrated lift data at three spanwise locations are compared with balance data. The lift increment, obtained when excitation is introduced at the flap shoulder, decreases as y/s increases. The spanwise variations in lift increment observed in figures 4(a) and 4(b) agree with the actuator bench-top calibration data that showed excitation slot velocity decreases as y/s increases. The data also indicate that C L increases as the excitation amplitude, C µ , increases. The comparison of the balance lift data with the integrated lift data reveals that the balance data agree well with the y/s = 0.5 integral data and both appear to represent the average lift of the model. If one then uses the balance data for comparing performance improvements, to obtain a lift increment of 0.4, requires C µ =1.3% for δ f = 20 o and C µ =2.1% for δ f = 40 • . Drag results presented in figures 4(c) and 4(d) are not as straightforward to interpret. Control increases C dp at y/s=0.17 whereas C dp at y/s=0.5 and y/s=0.83 remain below the baseline value. The C dp data shown in figure 4(c), reaches a minimum below C µ ≈ 0.5% at y/s=0.50 and y/s=0.83, thereafter C dp increases. The balance results indicate that total drag decreases as excitation amplitude, C µ increases. Similar trends in C D and C dp were observed for other excitation frequencies. The variation of lift with angle of attack is shown in figures 5 comparing the baseline and controlled flowfields. The lift increment between baseline and controlled flowfields indicates, as expected, that the application of control results in a more effective flap.
The figure 4 (f) indicate that the C µ =2.54% excitation does not delay separation significantly, but there is some pressure recovery (pressure increases as x/c increases for x/c > 0.75) for this excitation level compared to the baseline and C µ =0.92% C p distributions.
C. PIV Results
In the following sections, phase-locked vorticity data from PIV measurements will be presented to determine how the excitation introduced at the flap shoulder interacts with the separating shear layer for the two flap deflections. Results will be presented for the δ f = 20 • airfoil followed by the δ f = 40 • airfoil.
TE AFC with δ f = 20 •
A reduced frequency in the range of 0.3 < F + < 4.0 3 is considered the most effective frequency for controlling separation on a 2D airfoil. Data acquired but not presented indicated an insensitivity to frequency within the frequency range of the actuator when considering lift increment. Drag was observed to decrease with increasing frequency as noted in reference 16 . The δ f = 20 • PIV data was obtained at F + =0.71 corresponding to an excitation frequency of 100 Hz due to the insensitivity of ∆C L to frequency and the improved spanwise uniformity at lower actuation frequencies. The C p distributions at y/s=0.5 presented in figure 4 (e) indicate that as C µ increases the extent of separated flow over the trailing edge flap surface is reduced. Mean vorticity (Ω * c/U ∞ ) contours for the baseline flowfield are presented in figure 6 and the negative vorticity data indicate the mean location of the separated shear layer relative to the flap surface. Phase-locked vorticity contours are presented in figure 7 for the C µ levels of figure 4(e). In each phase of the excitation cycle when using C µ = 0.42% ( Fig. 7(a There is a vortex that begins to form at φ = 270 • (7(l)), rolls up at φ = 0 • (7(c)), has traveled almost out of the field of view of the data at φ = 90 • (7(f)), and is out of the field of view at φ = 180 • (7(i)). A question that comes to mind when looking at the data in terms of a more efficient approach to separation control, is whether locating a second actuator on the flap near ξ/c=0.8 would reduce the total momentum requirement for complete flow reattachment to the flap. y/s=0.17, ∆C dp y/s=0.50, ∆C dp y/s=0.83, ∆C dp Balance, ∆C D x (c) δ f = 20 • , F + = 0.71, ∆C D , dp. y/s=0.17, ∆C dp y/s=0.50, ∆C dp y/s=0.83, ∆C dp Balance, ∆C D x (d) δ f = 40 • , ∆C D , dp. The excitation causes an increase in drag for most C µ levels. It is only between C µ =0.2% and 0.4% that a reduction in C D and C dp , outboard of y/s=0.17, occur. In figure 9 (c) balance data are presented for other F + values tested and small variations in lift are noted with changes in F + between F + = 0.64 and F + = 1.43. The effectiveness of the lower F + excitation and the insensitivity to frequency between F + = 0.64 and F + = 1.43 are in agreement with the observations of Ref. 17 . The C p distributions of figure 9(d) show that the F + = 0.36 excitation is more effective at increasing circulation than the F + = 0.71 excitation. The pressure recovery generated by the F + = 0.71, C µ =2.54% excitation, included in figure 9(d) for comparison, indicates that F + = 0.71 is better at controlling separation on the flap of the model. Phase-locked, normalized vorticity contours obtained from 2D PIV measurements are presented in figure 10 for the airfoil with δ f = 40 • . Two F + values are compared using two C µ levels for the F + = 0.71 excitation. The vorticity contours for the flowfield controlled with the F + = 0.36 excitation are provided in figures 10(a), 10(d), 10(g), and 10(j) with C µ =0.70%. The excitation causes the negative vorticity of the upper surface of the flap to roll up into discrete structures that are shed into the wake. The excitation also moves the location of the positive vortex that is shed from the lower surface of the flap upstream so that it is closer to the trailing edge of the model (Fig. 10(d) ). In comparison to lower amplitude data (not included), the negative vortex is also closer to the flap surface. Separation is delayed when using C µ = 0.70% at F + = 0.36. However, the increment in lift obtained with the F + = 0.36 excitation compared to the F + = 0.71 excitation, is due to changes in circulation caused by altering the vortex shedding pattern.
The F + = 0.71 phase-locked, normalized vorticity data are presented in figures 10(b), 10(e), 10(h) and 10(k) for C µ =0.92%. The excitation at this level, generated only weak vortex structures in the flowfield. The mean position of the shear layer above the flap does not appear to be altered by the excitation. Additional data near the excitation slot, not acquired for this test, are required to determine how much the excitation delays separation. When the C µ level of the excitation is increased to 2.54% (figures 10(c), 10(f), 10(i) and 10(l)), stronger coherent structures are formed. The vortex structures, formed by the interaction of the excitation with the (a) φ=0 • , Cµ=0.42%. separating shear layer, do not deflect the shear layer towards the surface of the flap as effectively as the vortex structures present in the δ f = 20 • , C µ =1.58% excited flowfield (figures 7(c), 7(f), 7(i), and 7(l)).
The differences in the response of the δ f = 40 • flowfield to the two slightly different frequencies and thus excitation wavelengths suggest that excitation using a modulated waveform might be beneficial. Modulating the excitation has been proven to reduce the momentum requirements for controlling separation in cases where the excitation frequency being modulated is outside of the range of 0.5 < F + < 2.0. 5 Burst modulation will be used in the next section to examine the response of the flowfield to periodic excitation. An excitation comprised of periodic excitation with either steady suction 18 or blowing 1 as suggested in reference 7 might be a more efficient method of controlling TE flap separation when δ f = 40 • and will be explored at a later date.
IV. Transient Process
In this section we briefly examine the transient process associated with attaching and separating the flow on the flap of the model. Darabi and Wygnanski 19, 20 have performed a detailed study of both the separation and reattachment processes. They list maneuvering by separation control and closed-loop separation control as reasons for examining the transients of both separation and reattachment. We are studying the transients in preparation for future closed-loop control research. The method used to introduce the perturbation is the method that Greenblatt 9 used during the semi-span test of this model. The airfoil with δ f = 20 • is at α = 6 • and the sinusoidal waveform that has been used throughout the investigation is modulated (M) with a lower frequency pulse (f M ) having a duty cycle of 50%. This method of control, depicted in figure 11 along with the trailing edge actuator cavity pressure, will be referred to as burst mode (BM). The C µ =1.58% excitation of the F + = 0.71 excitation does not fully attach the separated flow on the suction surface of the flap as shown in figure 12 . However, the ability of the actuator operating in BM to return the trailing edge C p to the value, C p =-0.1, obtained when using a continuous sine wave (figure 12), will be considered flow attachment. Data from the trailing edge dynamic pressure transducer installed on the model at y/s=0.5 are presented in figure 13 (a). Lift data from the balance are also included in figure 13(b) for comparison. The balance data are included recognizing that the frequency response of the balance may not be sufficient to capture all of the details of the response to the input. It should also be noted that the dynamic pressure value used to compute C p and C L is an averaged quantity. The longer wavelength excitation produced by the f M =2.0 Hz excitation is the best signal to use to determine the time required to attach the flow to the flap of the model. In figure 13 , the excitation is turned on at time, t=0 sec. At t≈0.024 s, the initially separated flow is observed to obtain the same level of attachment as the continuous waveform excitation. This is also true of the flowfields controlled using the higher frequency excitations, f M =5.0 Hz and 25.0 Hz in figure 13(a) . For the f M =2.0 Hz excitation, control is turned off at t=0.25 s. The time for the flow to return to the initial separated state is t≈0.05 s. The time to separate is the same for the f M =5.0 excited flowfield. The f M =25.0 Hz excited flowfield does not return to a fully separated state based on the trailing edge pressure data and balance lift data ( Fig. 13(b) ). The lift data of figure 13(b) indicate that the time required for C L to increase from the baseline C L value of 1.2 to the controlled, using a continuous sine wave, C L value of 1.61 is t ≈0. 
V. Summary
As part of a series of planned wind tunnel experiments aimed at examining the flow physics of active separation control, periodic excitation was applied at the flap shoulder of a NACA 0015 airfoil and the effects of amplitude and frequency were examined. The primary objective of the experiment was to compare the results obtained using a 5-component strain gage balance to those obtained by integrating surface pressures. The research is performed in preparation for additional three-dimensional testing of the model where the balance measurements will complement the pressure measurements. We focused on controlling separation on the trailing edge flap at an angle of attack of α = 6 • . This angle was chosen because the degree of adverse pressure gradient on the flap required oscillatory momentum coefficients (C µ ) greater than 1% to completely attach the flow to the surface of the deflected flap. The model, previously used for three-dimensional testing, has several rows of streamwise pressures that were used to compute lift and drag and compare to the balance measurements. There was good agreement between the lift values of the two measurement techniques. Two dimensional high speed Particle Image Velocimetry (PIV) data were also presented and provided insight into the interaction of the perturbations introduced at the flap shoulder with the separating shear layer for flap deflection angles (δ f ) of 20 • and 40 • . The surface pressure data and PIV data will aid in determining the appropriate location and type of actuation to add to the existing actuators available for controlling separation on the trailing edge flap of the model. Preliminary results presented of the transients associated with separation and attachment of the flow to the trailing edge flap will be useful for upcoming closed-loop control active separation control research.
